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The JAK/STAT pathway plays important roles in ver-
tebrate and invertebrate development. The recent
cloning and characterisation of the receptor in
Drosophila shows that the pathway is conserved
across phyla. In this review we describe current
knowledge of the pathway and use genome data to
discuss what elements are present in Drosophila.
We also summarise recent work describing the
involvement of the JAK/STAT pathway in oogenesis
and spermatogenesis. Interestingly, the JAK/STAT
pathway maintains the niche required for germline
stem cell maintenance in the testis, providing the
first molecular characterisation of a stem cell niche.
Drosophila’s streamlined pathway offers a simple
model to find new elements and analyse the function
of existing ones.
The JAK/STAT pathway is one of the main eukaryotic
signalling pathways [1]. In Drosophila the pathway 
is required for segmentation, eye development, cell
growth, haematopoiesis, sex determination (reviewed
in [2]), and tracheal development [3].The first part of
this review will describe the core signalling elements of
the JAK/STAT pathway in Drosophila, and the second
part will concentrate on new and exciting findings
about the requirement for JAK/STAT signalling during
spermatogenesis and oogenesis.
Basic Elements of the Drosophila JAK/STAT
Pathway
The JAK/STAT signalling pathway [4,5] was first iden-
tified in vertebrates as mediating the response to some
cytokines and growth factors and later found to be
conserved in invertebrates [6]. The final effector of the
pathway is the transcription factor STAT (Figure 1A). In
cells where the pathway is inactive STAT localises to
the cytoplasm. Translocation of STAT to the nucleus
and transcriptional activation of target genes occurs
after ligand activation of the receptors. Vertebrate
receptors are composed of hetero- or homodimers 
of single pass transmembrane proteins. The receptors
lack a tyrosine kinase domain, but associate constitu-
tively with cytoplasmic tyrosine kinases of the JAK
family. It has been assumed that ligand binding induces
receptor dimerisation and thus activation. However,
recent results show a dimerised receptor complex
exists prior to ligand binding [7] (Brown, S., Hu, N. and
Castelli-Gair Hombría, J., submitted), suggesting that
ligand binding induces a conformational change in 
the receptor that brings together the JAK proteins
bound to the intracellular domains. This allows JAKs
to phosphorylate each other as well as the receptor,
creating a docking site for cytoplasmic STATs that
become phosphorylated by JAK, dimerise and trans-
pose to the nucleus activating transcription (Figure 1A).
In vertebrates there are many ligands, receptors, JAK
kinases and STAT proteins making this signalling
pathway very complex to analyse [8]. The Drosophila
JAK/STAT pathway is less redundant offering a simpler
model to study. The known basic elements of the
pathway are: a receptor, Domeless (Dome) [3]; a JAK
kinase, Hopscotch (Hop) [9]; a transcription factor,
STAT92E [10,11]; and a ligand, Unpaired (Upd) [12]. Reg-
ulators of the pathway have also been identified includ-
ing Su(var)2-10 (dPIAS) [13–15], SOCS and STAM [16].
Ligands
The only described ligand capable of activating JAK
phosphorylation in Drosophila is encoded by the
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Figure 1. JAK/STAT signalling in Drosophila.
(A) Confirmed elements of the cascade in Drosophila. Upd
binding to Dome allows Hop bound to the intracellular domain
to trans-phosphorylate, phosphorylate Dome and activate cyto-
plasmic STAT. Activated STAT dimers translocate to the nucleus
and activate transcription. PIAS inhibits activated STAT by tar-
geting it for degradation. (B) Additional predicted elements of
the cascade. Three additional ligands (Cg5988, Cg5963 and
Cg15062), one receptor (Cg14225), a positive (STAM) and neg-
ative (SOCS) regulators of the pathway can be predicted from
the genome analysis. The functional relationships are based on
studies of the pathway in vertebrates. Raf can bind Hop, but it
is not clear whether this interaction occurs in vivo. Known phos-
phorylated tyrosines are indicated by a Y. In the receptor, green
ovals represent cytokine binding modules (CBMs), red ovals
fibronectin type III (FNIII) domains.
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unpaired gene. Upd, which does not have sequence
similarity to any of the vertebrate cytokines, is a
secreted glycosylated protein that in tissue culture is
mainly found attached to the extracellular matrix [12].
This interaction may limit Upd diffusion although in
certain tissues there are indications that Upd may be
acting as a diffusible ligand [17]. Searches of the
Drosophila databases detect three upd-like genes
clustered in the X chromosome (Figure 2). While upd
mutants have milder phenotypes than mutants inacti-
vating the pathway, Df(1)os1A, a deletion of the region
of the X chromosome containing the upd and upd-like
sequences, has an identical embryonic phenotype to
hop, STAT92E or dome mutants. These data suggest
that the upd-like ligands are functional.
Receptors
Until the recent discovery of dome, published in
Current Biology [3], no receptor of the JAK/STAT
pathway had been identified. Amino acid sequence
conservation between Dome and vertebrate cytokine
receptors is low, with the intracellular region of Dome
having little similarity to any known protein. Dome has
five extracellular fibronectin type III (FNIII) modules, of
which the first and second show homology to the
cytokine binding modules (CBM) of the IL-6R family
(Figure 3). The first CBM has two pairs of conserved
cysteines, and the second CBM has a partially con-
served WSxWS motif shown in vertebrates to be essen-
tial for the signalling process. Biochemical analysis
indicates that Dome can bind Upd and STAT, con-
firming the genetic and phenotypic studies [18].
In vertebrates, the JAK/STAT receptors are com-
posed of several chains that function as hetero- or
homo-dimers. In Drosophila Dome is the only receptor
that has been described, and there is evidence that in
the ectoderm Dome localises to the apical membrane,
where it homodimerises (Brown, S., Hu, N. and Castelli-
Gair Hombría, J., submitted). After a search of the
Drosophila databases we have found that dome is
similar to the predicted gene cg14225 which lies next
to it in the genome (Figure 3). As yet no mutations or
ESTs have been found for cg14225. The predicted
protein encoded by cg14225 contains two CBMs and
a long chain hematopoietin gp130 receptor signature.
The predicted intracellular regions of dome and
cg14225 have no similarity to any known protein.
Sequence comparison of Drosophila and vertebrate
receptors shows that Dome is most similar to the
leukemia inhibitory factor receptor, LIFR, and the
ciliary neurotrophic factor receptor, CNTFR, whereas
cg14225 is most similar to gp130. cg14225, however,
is predicted to encode a protein that lacks the mem-
brane-proximal FNIII modules and, therefore, appears
in modular structure more like a short chain receptor.
At least in the ectoderm, the identical phenotypes of
dome mutants and those of mutations in other ele-
ments of the pathway suggest that Dome is essential
for signalling [3]. Therefore, if Cg14225 forms part of
the receptor complex in the ectoderm, it would not be
able to signal in the absence of Dome.
Kinase
The hopscotch (hop) gene encodes a non-receptor
tyrosine kinase of the JAK family (standing for Janus
activated kinase or alternatively just another kinase)
[9]. Hop sequence is most similar to the vertebrate
JAK1 and JAK2. The Hop protein (Figure 4) contains a
functional kinase, a pseudo-kinase, a SH2-like and a
newly characterised FERM domain [19]. Most muta-
tions in hop cluster in the kinase domain but three
alleles have been identified in the FERM domain [20].
In JAK2 the FERM domain facilitates the release of the
erythropoietin (EPO) receptor from the endoplasmic
reticulum allowing its transport to the plasma mem-
brane [21]. Whether the Hop FERM domain plays a
role in Dome localisation remains to be tested.
Unlike most cytoplasmic kinases, JAK proteins have
no clear SH2 or SH3 domain [22]. It is agreed that 
the JH3 area has some similarity to an atypical SH2
domain. The SH2-like domain appears to play a role in
JAK signalling by aiding the amino-terminal region of
the FERM domain to interact with the receptor [21],
but as yet no mutations have been mapped to this
domain within Hop.
Transcription Factor
The only known Drosophila STAT protein is encoded
by the STAT92E gene [10,11]. STAT92E is similar in
amino acid sequence to both vertebrate STAT5 and
STAT3. Several reports suggested that a second STAT
protein might exist in Drosophila [23], but sequencing
of the genome has not provided any evidence for 
it [6,16]. Mutant phenotypes suggest that STAT92E
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Figure 2. Genomic organisation and
sequence comparison of upd
homologues.
(A) Transcription units are represented as
green boxes with an orange arrow
showing the direction of transcription. The
centromere is to the right. (B) Comparison
of the amino acid identity of Upd with
Upd-like proteins. Om(1E) is a Drosophila
ananassae gene with high similarity to
Upd [12] and cg5988. cg5963, and
cg15062’s apparent truncation, may be
due to gene prediction error.
Current Biology  
Updcg5988
cg15062 cg5963
10000 20000 40000 700006000050000300001bp
A
UPD
Om(1E)
Cg5988
Cg5963
B
49
96
32
93
43 30
6681 39 26
Leucine rich
Glycine rich
Serine rich
Serine rich
Cg15062 24
inactivates the pathway and therefore may be the only
transcription factor. There are only two confirmed
STAT92E downstream targets: even skipped [11] and
D-Raf [24]. Other possible targets include runt [10],
trachealess and knirps [3], eIF1A [25] and slow border
cells [26].
Regulators of the Pathway
Homologues of SOCS, PIAS and STAM have been
identified in the Drosophila genome (Figure 1B) [27–29].
These encode known positive and negative regulators
of the JAK/STAT pathway in vertebrates. Mutations
exist for the Drosophila PIAS homologue (Su(var)2.10).
In vertebrates, PIAS controls the duration of JAK/STAT
signalling by targeting active STAT for degradation.
Drosophila PIAS localises to the cytoplasm and nucleus
[14] and behaves as expected for a protein that con-
trols the degradation of activated STAT [15]. No muta-
tions in STAM or SOCS have been isolated.
There are several SOCS BOX containing genes in
Drosophila. In vertebrates, SOCS proteins are upreg-
ulated by cytokine signalling and act as a negative
regulators of the JAK/STAT pathway [27]. The Drosophila
SOCS36E gene, a homolog of vertebrate SOCS-5, is
expressed in a complex pattern similar to that of upd.
Consistent with SOCS36E having a conserved role in
Drosophila, mutations for upd abolish socs36E expres-
sion [30] and ectopic SOCS36E expression exacer-
bates JAK/STAT pathway loss-of-function phenotypes
[31]. Genetic interactions suggest that besides modu-
lating JAK/STAT signalling SOCS36E may also modu-
late epidermal growth factor receptor signalling [31].
Cross-Talk with Other Pathways
In vertebrates there is evidence for cross-talk between
the JAK/STAT and Ras–Raf pathways. Luo and col-
leagues [32] have used immunoprecipitation assays to
show that in Drosophila Raf can bind Hop. In the blood
system, activation of a hyperactive Hop kinase results
in increased numbers of lamellocytes. This phenotype
can be suppressed by raf mutations suggesting an
interaction between both pathways. However, D-Raf
has been shown to be a direct target of JAK/STAT acti-
vation [24]. Whether the protein interactions detected
between Hop and Raf are required for these functions
or whether they are a downstream transcriptional
response needs to be clarified.
Requirement of the JAK/STAT Pathway in the
Gonads
The gonads in Drosophila are formed by germline cells
and somatic cells. The germline cells generate the
sperm and oocytes, while the somatic component is
responsible for regulating the proper development of
the gametes. The origin of the germline cells can be
traced back to the pole cells that differentiate at the
posterior of the blastoderm. During gastrulation, the
pole cells are carried into the embryo by the invagi-
nating posterior midgut. Once inside, the pole cells
migrate across the epithelium and join the mesoder-
mal cells that form the somatic component of the
gonad. The integrated development of the gonad
requires signalling between the somatic and the
germline cells using a variety of signalling pathways:
TGFβ, Hedgehog, Notch, EGF and PDGF [33–37].
Recent papers add the JAK/STAT pathway to this
long list. Surprisingly, its functions in male and female
gonads are strikingly different.
The JAK/STAT Pathway is Required for Male Stem
Cell Self-Renewal
The continuous supply of sperm generated in the testes
is maintained by stem cells, which have the capacity to
self-renew. Male germline stem cells and somatic stem
cells are located side by side at the tip of the testis, in
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Figure 3. Domain structure of Drosophila and vertebrate IL-6
receptor family members.
Blue hexagons, immunoglobulin domains; green ovals, CBMs;
and red ovals, FNIII domains. The transmembrane region is rep-
resented as a thick black line. Paired cysteines are thin orange
lines on the CBM domains and the short grey or black line on
the CBM domain represents the partial or full WSxWS motif.
The numbers represent percentage of amino acid identities (I)
or similarities (S) displayed between proteins in the area
between the arrows. The bracket represents the long chain
receptor signature for gp130-related proteins according to
InterPro and ProSite.
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Figure 4. HOP domain structure.
JAK homology areas (JH) are represented in blue and under-
neath, in green, the functional domains. Some mapped muta-
tions are represented by their amino acid substitutions.
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contact with a structure composed of 16 cells called
the hub (Figure 5A). There are two somatic stem cells
for each germline stem cell with about 18 somatic and
9 germline stem cells per testis (reviewed in [38]). When
germline stem cells divide, the cell that remains closer
to the hub will retain stem cell behaviour, while the
distal sister cell will become the gonialblast and initiate
differentiation. Similarly, the neighbouring somatic stem
cells divide asymmetrically. The distal daughters of two
somatic stem cells surround the gonialblast forming a
cyst. The somatic cyst cells do not divide any further,
while inside the cyst, the gonialblast goes through four
incomplete divisions that give rise to 16 cells. Each of
the 16 cells will enter meiosis and, as a result, each cyst
generates 64 spermatozoa.
If a single stem cell is marked genetically, the stem
cell and its descendants can be traced (Figure 5B).
This reveals that the stem cell stays in contact with
the hub, while progressively more mature descen-
dants can be seen away from it [39]. The proximity 
of the somatic and germline stem cells to the hub 
suggests that the hub provides a niche for the main-
tenance of the stem cell populations. Recent results
show that Upd signalling from the hub maintains 
male stem cell self-renewal through activation of the
JAK/STAT pathway [40,41].
It had been noticed that viable alleles of hop caused
male sterility [42]. Initially, hop mutant gonads have
normal numbers of primordial germline cells. However,
older animals lack somatic and germline stem cells
and all early stages of spermatogenesis [41]. Induction
of STAT92E mutant clones in the germline shows that
mutant cells can give rise to sperm, indicating that the
pathway is not required to maintain germline cell via-
bility. Interestingly, no early stages of spermatogene-
sis or stem cells mutant for STAT92E can be found
(Figure 5B) [40,41]. These results indicate that germline
cells survive the inactivation of the JAK/STAT pathway,
but they lose their self-renewal potential.
In the testis, upd is expressed exclusively in the 
hub cells. Thus, the upd-dependent activation of the
JAK/STAT pathway in the cells in contact with the hub
provides an explanation for the location of the stem
cells. In fact, somatic and germline stem cells accu-
mulate throughout the testis at the expense of later
stages of spermatogenesis after ectopic expression of
upd in the gonad (Figure 5C). This suggests that in
wild-type testes when the stem cells divide, only the
descendant in contact with the hub receives Upd and
maintains stem cell characteristics. The distal cell will
not activate the JAK/STAT pathway and will start the
differentiation program. According to this model, in
gonads where the pathway is blocked, both cells
behave like the distal gonialblast with the consequent
loss of stem cells. These results suggest that Upd does
not diffuse freely. The observation that Upd associ-
ates with the extracellular matrix [12], provides a mol-
ecular explanation for the local effect of the hub.
Upd is not the only signal influencing the gonialblast
fate. Gonialblast differentiation is reinforced by signals
from the cyst cells. If the cyst cell signal is not received
by the germline cell, the cell will retain stem cell 
characteristics [43,44]. This mechanism may synchro-
nise the development of the somatic and germline
cells, allowing only properly formed cysts to proceed
through spermatogenesis.
Requirement of the JAK/STAT Pathway for
Patterning the Somatic Cells of the Ovaries
The Drosophila ovary is formed by 16 identical ovari-
oles. At the anterior tip of each ovariole there is a region
called the germarium where 2–3 germline and about 2
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Figure 5. JAK/STAT requirement in
spermatogenesis.
(A) Schematic view of a testis. Anterior tip
is up. Germline stem cells (red) are
surrounded by somatic stem cells (blue) at
the tip of the testis. Both stem cells are in
contact with the hub (black). Only two
germline stem cells and four somatic stem
cells are shown in this scheme. The stem
cells shown to the right of the hub are
going through a division (the use of two
colours in the dividing cells does not
imply the unequal segregation of proteins
or RNAs). The daughter cells closer to the
hub remain stem cells. The distal cells
become either a gonialblast (orange for
the germline cell lineage) or a cyst cell
(green for the somatic lineage). The cyst
cells will not divide any further. The
gonialblast divides four times giving rise
to spermatogonia with 2, 4, 8 and 16 cells.
The 16 cell spermatocytes grow, go
through meiosis, and form the sperm. (B) Wild-type and STAT92E mutant clones in the male germline stem cells. A clone (cells labelled
in yellow) marking the progeny of a wild-type germline stem cell is shown to the left of the hub. This clone labels the stem cell itself and
its progeny. A STAT92E mutant clone (cells labelled in red) was induced in a germline cell right of the hub. The absence of STAT in the
clone does not affect cell viability as shown by the mutant cells ability to produce mature sperm. However, due to the requirement of
STAT to maintain self renewal, both stem cell daughter cells proceed into spermatogenesis. As a result, no STAT92E mutant germline
cells are maintained, and cells at early stages of spermatogenesis are depleted. (C) Ectopic expression of Upd in the germline cells
(cells expressing Upd are filled in red). Upd signalling from the germline cell to itself and to the surrounding somatic cells maintains
stem cell characteristics in both cell types.
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somatic stem cells generate the egg chamber primor-
dia (reviewed in [45]). Once the egg chambers are
formed they bud off from the germarium to which they
stay attached by a stalk of 8 somatic follicle cells. The
repetition of this process results in a chain of intercon-
nected egg chambers, or follicles, at different stages of
growth. This area is known as the vitellarium (Figure 6).
The germline stem cells are located at the tip of the
germarium adjacent to the terminal filament, a somatic
structure required to maintain germline stem cell self-
renewal [46]. The germline stem cell divides asymmet-
rically generating a stem cell and a cystoblast. The
cystoblast goes through four divisions to generate a
cyst of 16 cells. One of the 16 cells becomes the
oocyte and migrates to the posterior of the cyst, while
the other 15 cells differentiate into nurse cells whose
function is to synthesise proteins and RNAs that will be
transported to the oocyte. Still in the germarium, the
oocyte–nurse cell cluster becomes surrounded by fol-
licle cells derived from the somatic stem cells. The fol-
licle cells provide the yolk (vitellum) and form the
vitelline membrane and eggshell protecting the oocyte.
The first follicle cells to differentiate are the polar
cells and the stalk cells that form as the egg chamber
buds from the germarium. The polar cells are the two
more anterior and posterior epithelial somatic cells
surrounding the cyst, they express specific markers
and have inductive properties. Polar and stalk cells
derive from a common precursor that stops dividing
before other follicle cells [47].
The JAK/STAT pathway is required in the germar-
ium. Unlike in the testis, its function is not to maintain
stem cell renewal, a role played in the female by the
Decapentaplegic (Dpp, the fly’s TGFβ homologue)
pathway [34], but to pattern the stalk–polar follicle cell
primordium. Loss of function alleles of hop or STAT92E
have fused egg chambers in the vitellarium due to the
absence of stalk cells [48,49]. Molecular markers show
that in hop mutant gonads there is an increase in the
number of polar cells at the expense of stalk cells.
Reciprocally, ectopic expression of upd results in loss
of polar cells and formation of more stalk-like cells [48].
upd is expressed in the most posterior somatic cells of
the germarium (Figure 6) in what may represent the
stalk–polar primordium [48]. Thus, although in the
absence of precise markers it is not clear how the pri-
mordium is organised, it seems that the stalk vs polar
fate is decided in the precursor population through
JAK/STAT pathway signalling.
The JAK/STAT pathway is also required in the vitel-
larium where upd is expressed specifically in the polar
cells. Upd signals from the anterior polar cells induc-
ing neighbouring follicle cells to become border cells.
Border cells are migratory: they detach from the sur-
rounding follicle epithelium and migrate between the
nurse cells towards the oocyte carrying the polar cells
with them. Once the border cell–polar cell group
reaches the anterior of the oocyte they will contribute
to the formation of the micropyle, the structure
through which the sperm enters the oocyte.
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Figure 6. JAK/STAT requirement in oogenesis.
Schematic representation of an ovariole. The germarium contains the germline stem cells (green) and the somatic stem cells (blue).
The somatic stem cells have not been positively identified, the location given in this scheme is the most anterior possible in the ger-
marium. The germline stem cells are maintained by signals coming from the filament and cap cells. Division generates a cystoblast
(orange) that divides four times to generate a cyst of 16 interconnected cells (only the descendants of one stem cell have been rep-
resented. One of the 16 cells becomes the oocyte (yellow) and migrates posterior in the cyst. In the posterior third of the germarium
the cyst becomes wrapped by a layer of follicle cells derived from the somatic stem cells. In the germarium the precursors of the stalk
and polar cells have been already determined. Upd is expressed in the posterior follicle cells of the germarium (red). The oocyte buds
off the germarium to which it stays attached by the stalk. The polar cells are located at the poles of the egg chamber initially in contact
with the stalk. upd expression becomes restricted to the polar cells. The chain of egg chambers forms the vitellarium where the oocyte
grows in size. Upd signals from the polar cells to the surrounding follicle cells (white arrows) inducing them to become border cells
(purple). A similar induction by the posterior polar cells is probably blocked by gurken signalling from the oocyte (black arrows). Cell
migration requires STAT activation in the border cells.
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Mutant clones show that Upd is required in the
polar cells to induce the migration of the border cells
[26,50] and that hop and STAT92E are required in the
border cells for this migration to occur. Ectopic acti-
vation of the pathway in the follicle cells by either
expressing ectopic Upd, a hyperactive Hop kinase or
wild-type Hop results in the induction of supernumer-
ary border cells with migratory behaviour [26]. As Upd
signalling from the polar cells induces neighbouring
epithelial follicle cells to become border cells, Upd
might only be indirectly activating migration by spec-
ifying the border cells. Indeed, a target of STAT is slow
border cells (slbo), a gene encoding Drosophila C/EBP,
a basic region–leucine zipper transcription factor [26].
In slbo mutants the border cells fail to migrate [51].
This could explain why inactivation of the pathway
results in abnormal migration of the border cells.
However, two reasons argue for a direct role of the
JAK/STAT pathway in controlling border cell migra-
tion. First, in cases where normal numbers of border
cells are induced they still fail to migrate [26]. Second,
border cells mutant for a STAT92E allele that still
allows slbo expression fail to migrate [50].
As upd is expressed in both anterior and posterior
polar cells, why are there no border cells specified
posteriorly in the egg chamber? It has been shown
that Gurken, a TGFα-like protein expressed in the
oocyte, signals to the adjacent cells specifying them
as posterior follicle cells [36]. If the oocyte is mutant
for gurken, migratory border cells form in the posterior
egg chamber [36]. These results, suggest that gurken
activates the EGF signalling pathway modifying the
outcome of upd signalling in the posterior follicle cells.
The JAK/STAT pathway may have additional func-
tions in oogenesis. Abnormal gene expression in the
epithelial follicle cells and occasional defects in stretch
and centripetal cells are observed after inactivation of
the pathway [48,50], suggesting that patterning of
other follicle cells could be controlled by Upd. The
JAK/STAT pathway may also control the migration of
the oocyte to the posterior of the cyst (MacGregor,
J.R., Xi, R. and Harrison, D.A., unpublished results).
Is the JAK/STAT pathway required for oogenesis or
stem cell maintenance in vertebrates? At the moment
there are only indirect suggestions that this could be
the case. It has been reported that STAT3 is constitu-
tively activated in ovarian carcinomas [52], suggesting
at least involvement in the female germline. On the
other hand STAT3 activation has been shown to main-
tain embryonic stem cells in an undifferentiated state
[53], and JAK2 has been shown to be required for the
self-renewal of multipotential hematopoietic cells [54].
Future experiments should answer this question in the
even more fertile vertebrate JAK/STAT pathway field.
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